These latest achievements illustrate the potential of AC-HRTEM to rival traditional spectroscopic methods of structural characterisation of molecular materials, provided that a crucial obstacle related to the invasive and destructive nature of the electron beam (e-beam) is overcome. The elastic forward scattering of the accelerated electrons of the e-beam by atoms of the sample molecules provides the main contribution to the imaging signal in HRTEM, however it can also cause so-called knock-on damage manifested in the ejection of atoms from the molecules, which typically leads to decomposition of the intrinsic structure faster than AC-HRTEM images can be captured. [ 15, 16 ] To interpret experimental knock-on damage, the important quantity to consider is the ejection cross-section of an atom in the molecule, σ d , which depends strongly on the kinetic energy of incident electrons ( Figure 1 ), a fraction of which will be transferred to the atom in an elastic scattering event. [17] [18] [19] At an e-beam energy of 200 or 300 keV, commonly utilised in TEM, light and medium atomic weight elements that constitute the vast majority of molecular compounds are highly susceptible to ejection. However, a sharp decrease of σ d for most elements when the energy of the e-beam is lowered [ 20 ] has the consequence that most of the studies on carbon-based materials in an aberration-corrected TEM are nowadays performed at voltages of 80 kV or 60 kV [ 21, 22 ] and even below. [ 23, 24 ] For example σ d for sp 2 -carbon within graphitic structures approaches zero at the e-beam energy of about 80 keV ( Figure 1 ) making it in principle possible to image carbonbased molecules using an e-beam set at or below this energy without perturbing their structures. [ 25 ] All other elements behave in a similar way to carbon under the e-beam, with the exception of hydrogen, which exhibits a dramatic increase in the ejection cross section at lower energies (Figure 1 ). While carbon and other elements within the molecule become more stable with reduction of the energy of the incident electrons, the probability of ejection of hydrogen atoms increases sharply. At and below 80 keV (optimum for carbon) H-atoms are removed instantaneously, thus making imaging of undamaged hydrogen-containing molecules by AC-HRTEM very challenging. The extreme discord of the σ d for hydrogen with most other elements creates a fundamental barrier to atomic-resolution imaging of individual small organic molecules, which represent building blocks for biomacromolecules [26] [27] [28] and molecular materials, such as polymers. In this study we provide a simple and elegant solution to this seemingly insurmountable challenge by substituting the most common protium isotope of hydrogen in organic molecules for the deuterium isotope. Isotopic substitution has no effect on the molecular structure but increases the atomic weight of the hydrogen atoms by 100% which drastically increases the stability of the molecules in the e-beam, allowing imaging of individual molecules.
Results and Discussion
It is important to explore the physical origin of the unusually large susceptibility of hydrogen atoms to knock-on damage by the e-beam. The classical Rutherford electron scattering cross-section describes the probability of an incident electron being elastically scattered by an atom: [ 29 ] σ πε
where z is the nuclear charge, β = v e / c is the ratio of electron velocity v e to the speed of light, c , θ is the electron scattering angle and m e is the mass of an electron. The expression (1) was expanded [ 30 ] to improve the accuracy:
The amount of kinetic energy T transferred from the incident electron to an atom in a collision leading to elastic scattering is expressed by the formula:
2 energy. Generally, the atom is only ejected from the molecule by the e-beam, leading to irreversible knock-on damage, if the transferred energy T is greater than an ejection energy threshold, E d , related to the strength of interatomic bonding within the molecule. The atom ejection cross-section can then be obtained by integrating σ expressed through T using Equations ( 2) and ( 3) in the energy range T > E d : , calculated for sulphur and hydrogen terminated graphene nanoribbons as example structures. [ 25 ] Notice that upon reduction of the e-beam energy the stability of carbon and other elements within a molecule increases while the stability of hydrogen atoms decreases sharply.
where T max is the maximum transferrable energy from the e-beam to an atom, which corresponds to θ = 180°, and ∀ is the reduced Planck constant h/2π . This equation demonstrates that the stability of an atom to the e-beam has a complex dependence on both the nuclear charge and mass of the element (included in the T max parameter) and the energy of the electron beam (included in β and T max ). The fi rst term in Equation ( 4) resembles σ R, which is proportional to z 2 of the atom: from this term alone lighter elements are expected to interact less with the e-beam, which may lead to the incorrect conclusion that lighter elements are less susceptible to knock-on damage. However, the effect of T max , which is inversely proportional to atomic weight M , effectively counteracts the fi rst term; signifi cantly more kinetic energy is transferred from the e-beam to lighter atoms than heavier ones (Equation ( 3) ). Ultimately, the balance between E d and T max is most important: if at a certain energy of the e-beam the maximum transferrable energy is below the ejection threshold, the chance of knockon damage is zero (σ d = 0) meaning that the molecule will be stable indefi nitely during AC-HRTEM imaging. As hydrogen is the lightest element in the Periodic Table, the value of T max (H) is substantially higher than for other elements (compare T max ( 1 H) = 188 eV and T max (C) = 16 eV under an 80 keV e-beam). σ d for hydrogen does not reach zero or any reasonably low value at any energy of the e-beam ( Figure 1 ), which makes TEM imaging of structurally intact organic molecules practically impossible. This analysis proves that the lack of stability of hydrogen atoms in molecules under the e-beam is related primarily to the low atomic weight of the H-atoms. One way to address this problem and therefore increase the stability of organic molecules in the e-beam is to replace the protium isotope of hydrogen in the molecule with heavier isotopes. Substitution of naturally abundant hydrogen (>99.9% 1 H protium isotope) for deuterium D ( 2 H isotope) which contains an additional neutron, doubles the atomic weight of a D-atom with respect to 1 H. The structure and chemical properties of deuterated organic molecules are thus identical to their 1 H analogues, but their stability in the e-beam should be signifi cantly enhanced due to a lowering of the T max parameter and thus an overall decrease of σ d . In many cases isotope exchange readily takes place when organic molecules are treated with heavy water D 2 O, offering a universal methodology for stabilising organic molecules for AC-HRTEM imaging.
To illustrate this principle, coronene was chosen as a model molecule as it has been studied by TEM previously [31] [32] [33] [34] [35] and is observed to decompose very fast upon e-beam irradiation at energies of 80-120 keV. [ 32 ] The disk-like shape of coronene is easily recognisable in AC-HRTEM images and spontaneously forms stacks within the nanotube cavity, orienting molecular planes parallel to the direction of the e-beam ( Figure 2 a, and further on below). Although all 12 C-H bonds in coronene are chemically equivalent, the e-beam affects H-atoms in different ways depending on the angle between the individual C-H bond and the e-beam, leading to different values of E d (Figure 2 
Ab initio molecular dynamics (AIMD) has been used to calculate the values of E d for ejections of hydrogen and deuterium atoms from coronene. These simulations demonstrate that the bonds parallel to the e-beam, such as C-H a and C-H f (see Figure 2 b), are more susceptible to e-beam damage than other bonds. For protium isotope these bonds have the lowest ejection threshold of E d (H) = 6.1 eV as the momentum of the e-beam is transferred directly along the bonds. This makes them the weakest points in the molecule and the subsequent H loss is the trigger for decomposition of coronene. It is interesting that regardless of whether the momentum is transferred in the direction of bond contraction (as in the case of C-H f ) or bond stretching (as in the case of C-H a ), the value of E d remains the same ( Figure 3 ).
The isotopic substitution of hydrogen for deuterium leads to a nearly 30% increase in E d , from E d (H) = 6.1 eV in C-H a bond to E d (D) = 7.8 eV for the C-D a bond, which is related to the decreased zero-point vibrational energy E 0 for C-D bonds, making them more diffi cult to break (this forms the basis for differences in reactivity between isotopes in chemistry):
where k is the force constant, and M is the atomic weight of carbon, protium or deuterium respectively.
Under the e-beam a marked difference between the C-D a and C-D f bonds is observed: while the e-beam can still break the C-D a bond (albeit with lower probability than C -H a ), the energy transferred to the deuterium atom in the C-D f bond does not ricochet to bond dissociation as in the case of C-H f but effectively dissipates through the molecule, leading to temporary structural deformations with no irreversible damage (Figure 3 ). In addition, the bond dissociation mechanism of the C-D a bond is different to that of the C-H a bond. While in the case of the C-H a bond the transferred energy leads to multiple bond stretches eventually small 2015, 11, No. 5, 622-629 leading to dissociation, in the case of the C-D a bond the deuterium atom is removed directly with no contraction of the bond. Hence, both C-H a and C-H f bonds for coronene, and only C-D a bonds for coronene-d 12 are considered to be the most susceptible to knock-on damage, and as a result the cross sections associated with removal of these atoms were used to quantify the molecules stability in the e-beam.
A combination of the increase in the ejection threshold energy E d and a signifi cant decrease in the value of T max has a profound impact on the ejection cross section σ d for deuterium ( Figure 4 , dashed-dotted trace). For example, comparing the C-H a and C-D a bonds, the likelihood of ejection of deuterium is fi ve times lower when compared to protium at the maximum of the cross section function (Figure 4 ).
It is instructive to compare the ejection cross sections of H and D in the range of e-beam energies between 80 and 100 keV because as the energy of e-beam decreases, the carbon framework of the molecules becomes infi nitely stable in this range ( σ d (C) → 0 just below 100 keV, Figure 3 , inset). The crosssection of deuterium versus protium ejection from the most vulnerable bond in coronene is approximately 2.77 times higher at 80 keV and 2.74 times at 100 keV, indicating that deuterium can potentially withstand a nearly three times higher dose of electrons in the range of e-beam energies typically used for AC-HRTEM imaging compared to hydrogen.
In practical terms, the value of σ d for the most easily broken chemical bond within a molecule and typical values of the e-beam dose rate j required for AC-HRTEM imaging can be used to estimate the time required for ejection of the fi rst atom from the molecule (e.g. in the chemical kinetics terms, the ejection of fi rst atom from coronene is likely to be a rate-controlling step for the decomposition of molecules within the stacks), t ev , under the e-beam: [ 36 ] 
where n is the number of bonds of such type in the molecule. Considering that ejection of an atom from the organic molecule leads to highly reactive radical species causing rapid decomposition, t ev gives a good estimate for the observed life-time of the molecule under the e-beam. Our calculations predict that under the same external conditions (same energy and dose rate of the e-beam) deuterated molecules should be 2-3 times more stable than the protium analogues, which should manifest in a 2-3-fold increase in the total e-beam dose they can tolerate and subsequently lead to a substantial increase in their lifetime under the e-beam ( Table 1 ) . Recent AC-HRTEM measurements on 13 in the e-beam due to a relatively small difference in the atomic weights of 12 C and 13 C. [ 37 ] However, an alternative model describing the ejection of carbon atoms from graphene by a kinetic isotope effect (KIE) has recently been proposed which led to an unexpected conclusion that the graphene atomic lattice is extremely cold (∼25 K) in the ambient temperature AC-HRTEM measurements. [ 38 ] Since KIE emanates primarily from the difference in the zero-point energies E 0 (Equation ( 5) ) as illustrated by our calculations for C-H and C-D (Figure 3 ) , it is therefore accounted for by the total cross sections function σ d (Equation ( 4) ) as a part of the E d parameter. The description of molecular transformations under the e-beam by σ d is all-inclusive (e.g. σ d incorporates information about the zero-point energy for chemical bonds which determines KIE and other kinetic effects, as well as the amount of transferred energy from the e-beam to a particular atom and the likelihood of this transfer) and being mathematically rigorous it enables the accurate analysis and prediction of rates and pathways of transformations of molecules under the e-beam.
To verify this hypothesis and demonstrate its practical applicability, we prepared carbon nanotubes fi lled with stacks of coronene (coronene@SWNT) or deuterated coronene (coronene-d 12 @SWNT) and compared their stability in the 80 keV e-beam. The protium atoms of coronene were exchanged for deuterium atoms in near-critical D 2 O [ 40 ] and the degree of isotope exchange was confi rmed by gas chromatography mass spectrometry to be >99%. Coronene and coronene-d 12 were encapsulated in carbon nanotubes from the gas phase using identical conditions, by heating the molecules and freshly opened SWNT at 400 °C in vacuum. Prior to AC-HRTEM analysis coronene@SWNT and coronened 12 @SWNT samples were washed with toluene to remove any molecules from the surface of the nanotubes. The majority of nanotubes were densely fi lled with molecules in both cases (>95%), and the structures observed were essentially identical with the coronene and coronene-d 12 molecules both orientated at an angle of ~80° with respect to the nanotube sidewall ( Figure 5 ).
Qualitative AC-HRTEM observations indicate that coronene is signifi cantly less stable in the e-beam, decomposing into amorphous featureless structures extremely quickly, so that extra care is needed (low e-beam dose rate and short exposure time) to obtain its images ( Figure 5 b) , whereas coronene-d 12 (Figure 5 c) appears to be signifi cantly more stable. To quantify the enhancement in stability of C-D bonds with respect to C-H bonds, the dose rate of the 80 keV electron beam was set at 2·10 5 e − /nm 2 /s and time series images were recorded for both samples ( Figure 6 ). Molecules of coronene and coronene-d 12 within the stacks were observed to decompose under the e-beam at different rates. The evolution of molecules in stacks was carefully monitored, and the cumulative dose of the e-beam required to destroy all molecules within the stack was recorded in each experiment, as described in the Experimental Section. A number of different areas were analysed for each sample and showed at least a two-fold increase in the stability of the deuterated molecules ( Table 2 ) . At a higher energy of 100 keV the difference in stability of coronene and coronene-d 12 is even more pronounced, with coronene decomposing almost instantaneously (ESI fi le).
The effects of isotope substitution were studied for crystals of coronene and coronene-d 12 . About 20 crystals of each species were irradiated under identical imaging conditions and the loss of crystallinity was tracked as a function of dose rate by acquiring series of diffraction patterns ( Figure 7 ) . The small 2015, 11, No. 5, 622-629 Table 1 . Ejection cross section ( σ d ), time required for ejection of the fi rst atom ( t ev ), and total electron dose required for ejection of H, D and C atoms via knock-on damage in coronene and deuterated coronene calculated for different dose rates ( j ) of 80 or 100 keV e-beam. experiments were always stopped at the point where no crystalline lattice refl ections were visible and the irradiated areas were completely amorphous. In all measurements coronened 12 crystals appear to be a factor of >2.0 more stable than coronene to the 80 keV e-beam ( Table 2 ). Considering that both types of crystals have virtually identical physicochemical properties (e.g. ionisation potential, thermal and electrical conductivity) this series of measurements demonstrates that the knock-on mechanism is likely to be the main source of damage of molecules in extended 3D crystal structures. This can be effectively controlled by isotopic substitution, extending lifetimes of molecules in crystals in similar fashion to that of chains of molecules confi ned in nanotubes. The observed enhanced stability of deuterated molecules versus hydrogenated analogues, both inside of nanotubes and in the solid state as crystals, matches well our theoretical predictions (Table 1 ) and confi rms the general principle that isotopic substitution of H for D can signifi cantly extend the lifetime of organic molecules during imaging in a transmission electron microscope. Extended lifetime coronene-d 12 used as a model molecule in our studies enabled a more precise analysis of the inter-molecular spacing within the stack (0.39 ± 0.03 nm) and molecular orientations inside nanotubes (79.8 ± 4.6°), as compared to the shorter-lived coronene (0.4 ± 0.1 nm and 83 ± 4° respectively), and is consistent with previous studies. [ 31 ] In future the isotope substitution stabilisation can be applied to organic and bio-organic molecules with unknown complex structures which can be determined by AC-HRTEM imaging.
Conclusions
In this study we demonstrate that the amount of kinetic energy transferred from the electron beam to hydrogen atoms (the lightest chemical element), ubiquitously present in all organic molecules, is the major obstacle to single-molecule structural characterisation by transmission electron microscopy. We have identifi ed the extremely low atomic weight of hydrogen as the principal cause of its instability in TEM, and demonstrated theoretically and proved experimentally that exchange of protium isotope for the heavier deuterium (doubling the atomic weight) can lead to a more than two-fold increase in stability of organic molecules under HRTEM imaging conditions. Our isotope substitution methodology coupled with improvements to e-beam sources, electromagnetic lenses and electron detectors, is a large step towards non-invasive structural analysis of individual molecules in a transmission electron microscope, which can now be applied to more complex organic and biological structures.
Experimental Section
Computational Methods : All AIMD simulations were performed as described in a previous study, [ 25 ] using B3LYP/6-31G level of theory. The initial atomic velocities in the AIMD simulations were randomly sampled from a Maxwell-Boltzmann distribution at 298 K, which was also used to calculate the thermal lattice contributions to the cross-sections.
Materials Preparation : Coronene-d 12 was prepared by treating coronene using conditions reported previously. [ 39 ] IR spectroscopy and mass spectrometry confi rmed product formation and the degree of deuteration was determined via GC-MS to be >99%.
SWNT (arc-discharge, P2-SWNT, Carbon Solutions Ltd) were heated at 500 °C for 20 minutes in air. Coronene or coronene-d 12 (15 mg) was mixed with the SWNT (5 mg), sealed under vacuum (10 −6 mbar) in a Pyrex glass ampoule and heated at 400 °C for 3 days. The sample was allowed to cool and was then washed to remove excess molecules from the exterior of the SWNT by suspending in toluene (20 mL) with ultrasonication followed by fi ltration through a PTFE membrane (0.2 µm pore size) to give coronene@SWNT and coronene-d 12 @SWNT samples as a black powder.
Transmission Electron Microscopy : TEM specimens were heated in air at 150 °C for 7 min shortly before insertion into the small 2015, 11, No. 5, 622-629 TEM column. The aberration-corrected HRTEM imaging was carried out using an image side C s -corrected FEI Titan 80-300 transmission electron microscope operated at 80 kV acceleration voltage with modifi ed fi lament extraction voltage for enhancements of contrast and information limit. [ 40 ] Images were recorded on a slow-scan CCD-camera type Gatan Ultrascsan XP1000 (FEI Titan) using the pre-specimen beam-blanker to avoid electron irradiation during the camera read-out time. 100 kV imaging was performed on a JEOL2100 FEG TEM. For all in-situ irradiation experiments the microscope provided a highly controlled source of local and directed electron radiation on a selected area of the sample. The electron fl ux was kept to a minimum whilst searching for a suitable area, focussing and stigmating the lens, with the total search dose was between 2-6·10 5 e-/nm 2 , this corresponds to an accumulated dose typically used for 1 to 3 normal image acquisitions and does not contribute signifi cantly (less than 5-10%) to the total dose used for the comparison of stabilities of coronene and coronene-d 12 (Figure 6 ). For irradiation experiments the applied electron-fl ux was kept constant at 2·10 5 e − /nm 2 /s, and the total applied dose was approximately in the order of up to 1·10 7 e − /nm 2 at the end of each HRTEM experiment. Electron diffraction patterns of coronene and coronene-d 12 crystals were acquired using 80 keV electrons and a low dose rate of 190 e − /nm 2 /s. A selected area aperture (50 µm) was applied to record a diffraction pattern from specifi ed sample areas that covered an irradiated area of about 300 nm in diameter. All experiments were carried out at room temperature. TEM image simulations were carried out using the multi-slice program QSTEM. [ 41 ] The structure models were based on a (10,10) SWNT fi lled with either coronene or coronene-d 12 . The electrostatic scattering potential is identical for H and D atoms, however, the mass of the atoms varies and therefore the phonon confi guration. The different phonon confi gurations were considered by using different Debye-Waller factors (14.2 Å −2 for H, resp. 7.1 Å −2 for D) and averaging each time 30 TDS (thermal diffuse scattering) frozen phonon confi gurations. The general calculation parameters of the image simulation have been chosen according to the experimental settings: voltage 80 kV, spherical aberration 10 µm, focus -7.4 nm (corresponds to Scherzer-focus with black atom contrast), focus spread 4 nm. A limited electron dose of 2·10 5 e − /nm 2 was considered by applying Poisson-distributed noise derived from a subsequent Monte-Carlo simulation. The dampening of the CCD camera was included by applying the modulation transfer function (MTF) to the intensity distribution of the exit wave.
